Draining through industrial areas of the Minas Gerais mining state (Brazil), some tributaries of the São Francisco River constitute a potential environmental hazard for this great river and threaten the quality of the regional soils for agriculture and other activities. Extensive geochemistry and mineralogy of sediments, soils and alluvial plains from six selected areas within the Consciência drainage basin close to an important Zn-extraction plant, have been carried out. In this report, detailed mineralogy of those samples and supporting geochemical data are discussed, taking into account their specific climactic and environmental context. Petrographic and electron microprobe characterization of the sand-grained fraction of these materials was complemented by XRD on their finer fraction: the main contaminant minerals are willemite (one of the Zn ores used in the industrial plant) and jarosite, though their contents are quite variable in the studied areas and also with depth; minor amounts of Zn-, Pb-, Cd-, and Mn-bearing mineral phases are also frequent, usually as inclusions in willemite or in polycrystalline clasts, or adsorbed on the finer materials, such as clay minerals and associated Fe-hydroxides. Mineralogical contamination is responsible for high metal contents in the soils and sediments of the areas closer to the plant (e.g. Zn ≫ 2000 mg kg −1 and Cd ≫ 20 mg kg −1 , which are the Intervention Values for Industrial Areas) and the greatest contamination risks are related to the more labile phases that circulate throughout the alluvial plains, the shallow sediments and the stream bed. Monitoring the mineral/chemical contamination and its extent also constitutes a useful basis for future proposals to remediate and recover this industrial area in order to decrease medium-and long-term negative impacts of metal contamination on the local and downstream environments.
Introduction
In aqueous environments, the mobility, bioavailability and levels of toxicity of dissolved metals are greatly variable, and metal associations and behaviour are controlled by changes in physical-chemical conditions related to both biological and geological processes. Some of the metals leached from sediments often constitute a potential environmental hazard (Warren and Haack 2001) . High metal concentrations in mining or industrial drainage areas have adverse effects on aquatic resources and prevent reclamation of lands which have been mining sites (Price 2003) .
Notwithstanding its considerable water flow, the São Francisco River (Minas Gerais, Brazil) has been increasingly contaminated by several industrial plants, as well as by agricultural and housing projects along its margins (Marinho et al. 2006) . Such contamination is a serious health risk for the inhabitants of the river banks, thence the importance of monitoring the São Francisco River and of good hydrographic management, to prevent irreversible damage to its ecological system.
On the southern river bank, near the Três Marias town, an important zinc treatment industrial plant produces zinc SHG, zinc alloys and zinc oxide, through metallurgical treatment of Zn sulphide and Zn silicate ores (de Abreu and Martins 2009) . Large Zn production and metallurgical treatment since the 1960s resulted in class-I Zn-rich industrial wastes and their by-products, such as Cd, Co, Pb, Cu and As, which for 13 years (1968) (1969) (1970) (1971) (1972) were deposited in the vicinity of the plant, near the banks of the river and adjacent waterways. In the absence of appropriate regulations and legislation on waste management and disposal systems, the early activity of this industrial plant triggered several environmental problems, in the surficial waters, sediments and soils of the surrounding area and in the São Francisco River. To avoid such negative effects on the local environment, active efforts towards pollution reduction have been pursued by the metallurgical company. Since 1983, waste materials have been placed in containment structures, some of which, however, have proved ineffectual in the long term. Nowadays, waste from both current production and disabled waste dams is stored in a fully waterproof and monitored landfill.
Although many of these industrial residues have been removed and stored, high levels of sulphates and those potentially toxic metals still prevail in the soil and alluvial plains in the vicinity of the industrial area and in the sediments accumulated in the Consciência creek, a narrow and shallow tributary of the São Francisco River (Golders Associates 2007; Fonseca et al. 2015a, b) . The amounts of metals released to this stream depend on the mineralogy of the tailings (mostly willemite and sphalerite, which are the raw materials for Zn extraction), on the rate of sulphide oxidation during the metallurgical processes, and on the removal of metals by secondary mineral precipitation (Blowes et al. 2000) . Sulphates and the most soluble metal forms are easily leached into the tailings pore water and, often accompanied by fine particles of raw sulphide ore, are released to the environment.
In compliance with recent environmental legislation in the Minas Gerais State, the Zn-treatment company is intent on monitoring the levels of soil and sediment contamination in the watercourses and surrounding agricultural land likely to be affected by the metallurgical plant, in order to eliminate the main sources of contaminants leached into the Consciência Creek.
Geochemical monitoring was focused on soils and sediments from the stream bed, banks and alluvial basin of the Consciência Creek, covering five potentially contaminated areas (A1-A5; Fig. 1 ).These materials have provided a good basis to study the mineralogy of contaminant metals and to evaluate the role of metal-bearing mineral phases in this specific environment.
Detailed mineral characterization, supported by bulk chemical data (Fonseca et al. in prep.) , is a major component of the present study, which purposes were: (1) to identify and characterize any contaminant metals that may become concentrated in the finest-grained fraction of soils and sedimentary materials, namely adsorbed to the clay minerals and Fe and Al oxides or hydroxides and (2) to identify primary or secondary metal-bearing mineral phases in the sampled sediments, alluvia and soils, with particular focus on the sulphide phases, which can be either ore-residues (as sulphide ores constitute one of the major raw materials in this industrial unit) and secondary sulphides formed through reduction in sulphates produced during the metallurgical process.
Mineralogical characterization has thus focused on Znand Fe-rich sediments, alluvia and soils from the five contaminated areas. Two different procedures were employed, according to grain size: X-ray diffractometry (XRD) for the very fine (< 2 μm) and fine-grained (2-62 μm) fractions; and petrographic description of the sandy fraction (> 62 μm), complemented by electron microprobe (EMP) identification of several mineral phases. Special attention was paid to primary and secondary metal-bearing mineral phases, as well as to the main clay minerals and Fe-Al oxide phases.
Sampling and analytical procedures
The five contaminated areas were selected on the basis of previous studies (Golders Associates 2007) and include the Consciência stream bed (A1), the Consciência floodplain (A2), the drainage basin of the Grota Seca tributary of the studied creek (A3), a degraded landfill area (A4), and a former waste disposal area (A5). An upstream area (A0), outside the influence of the industrial plant, was used as geochemical uncontaminated background.
Three field campaigns for sample collection were conducted just after the dry and the rainy seasons, so that the effects of the rain episodes could be evaluated.
Bulk geochemistry was performed on 315 samples, corresponding to 68 sampling points, with replicates of 15 sampling points (sediments and alluvia) in the two sampling periods. Sample distribution is shown in Table 1 .
Mapping the contamination of sediments deposited in the Consciência Creek under direct influence of the metallurgical activities was based on surface sediments (approximately 20 cm thick) collected along the stream bed with a manual Shipeck dredge. To ascertain contamination effects in depth, 50 cm-deep sediment cores and 100 cm-deep alluvial and soil drill-cores were collected in all areas (A0-A5); each drilling-core was divided into 20-cm-thick layers.
Sampling was followed by immediate readings of Eh and pH values in wet samples, using a portable multi-parameter Consort, C5020 model probe (SP10T model for pH, SP50X model for redox potential). In soil samples with insufficient moisture for direct pH readings, this parameter was measured in a water-soil suspension (2.5:1), in the laboratory.
Metal contents were determined in samples preserved at about 4 °C (from the time of collection), including both removable forms of potentially toxic metals (As, Cd, Co, Cr, Cu, Ni, Pb, Zn) , and metallic elements from lithogenic sources (Fe, Mn), which, due to their high concentrations and geochemical behaviour, influence the behaviour 3051A, 2007) . Those metals were analysed by optical emission spectroscopy with inductive plasma source (ICP-OES, Perkin-Elmer OPTIMA 8300), operated under the following conditions: plasma gas flow-8 L/min; auxiliary gas flow-0.2 L/min; nebulizer gas flow-0.70 L/min; sample flow-1.50 mL/min; RF Power-1450 W; viewing modes-radial and axial; reading time-0.02-2 min; read delay-80 s; normal resolution; internal standard-yttrium. Chemical analyses were carried out with three replicates for quality control. Determination of the sulphate ion in the sedimentary materials followed the method described by Singh et al. (2011) : sulphate was extracted by an acidified ammonium acetate solution and converted to a BaSO 4 suspension under controlled conditions; the resulting turbidity was measured, at a wavelength of 420 nm, on a Thermo Scientific (Evolution 201) spectrophotometer, using a K 2 SO 4 solution as standard.
After preliminary petrography, identification and compositional data for several mineral phases in the sand-grained fraction (> 62 μm) of sediments, alluvia and soils, were obtained on a JEOL JXA-8500 Electron Microprobe (EMP) equipment, at Laboratório Nacional de Engenharia e Geologia (LNEG), S. Mamede de Infesta, Porto. Quantitative analyses of the most relevant mineral phases were obtained by wavelength-dispersion spectrometry (WDS), but many other phases were identified or confirmed by EDS (energydispersion spectrometry). Analytical conditions in WDS mode were as follows: beam diameter-5 μm; accelerating voltage-15 kV, analysing crystals-TAP (for Si and Al), LiF (Mn and Zn), LiFH (Fe), PETJ (Ca, Ti, P and S) and PETH (K and Pb); Kα analytical lines were used for all elements, with the exception of Pb, for which the Mα analytical line was chosen. Standards used for quantitative analysis: andradite (for Si), orthoclase (Al, K), apatite (Ca, P), MnTiO 3 (Mn, Ti), FeS (Fe and S), ZnS (Zn) and PbS (Pb). High-resolution back-scattered electron images were also obtained to illustrate some mineralogical details.
Identification of primary and secondary mineral phases, clay minerals and Fe-Al-oxy-hydroxides in the bulk material and in the finer-grained fraction (< 62 µm) was obtained using a Bruker D8 Discover X-Ray Microdiffractometer, with a DAVINCI design equipment, at the HERCULES Laboratory, University of Évora. Scannings from 3° to 75° 2θ, with 0.05°/s steps, were obtained using CuKα radiation, a linear detector Lynxeye and a Gobel mirror. Identification of mineral phases was based in X'Pert Highscore software. Particle separation according to size was done by wet sieving, followed by separation of the finer fractions (silt and clay) through consecutive cycles of ultrasonic dispersion and centrifugation, using the time and rotation speed calculated for the available equipment (Rotanta 460R, Hettich Zentrifugen), taking into account the Stokes Law. The finer fractions were subjected to two-step pre-treatment to remove diffraction bands that might cause interference, occasionally masking the peaks of clay minerals and increasing the background level: (1) removal of organic matter by hydrogen peroxide addition and (2) removal of salts by consecutive washing, ultrasonic dispersion and centrifugation.
Geographical and geological setting
The area under study is located in the Três Marias conscription, in the Minas Gerais State (Brazil), close to the southern bank of the São Francisco River. At an altitude of 563 m and covering approx. 3 km 2 , the study area lies 4 km away from the Três Marias dam ( Fig. 1 ) and is part of the São Francisco hydrographic system, being confined between the river, to the west, and the Três Marias town, to the east, while the Consciência and Barreiro Grande Creeks, both tributaries of the São Francisco River, constitute its northern and southern boundaries, respectively. The Consciência Creek drains an area of about 11.5 km 2 , which includes the Zn-treatment industrial plant. The small gradient and depth of this stream explain its poor hydrodynamics (Oliveira 2007) .
From the geological point of view, the study area is set in the Três Marias Formation (Bambuí Group), located in the southern unit of the São Francisco Craton, of Precambrian age and low-grade deformation (Fig. 2) . The São Francisco Craton is part of the South American platform, formed during the Brazilian Orogenic Event (± 600 Ma; Almeida 1977), responsible for the Araçuaí Belt, to the east, and the Brasília Folding Belt, to the west of the Craton (Trindade 2010) . The structure of the Brasília Folding Belt strongly controls local morphology and the drainage system close to the Três Marias town.
The São Francisco Basin consists of flat or undulating erosion surfaces deeply cut by watercourses (Oliveira 2007) . The Três Marias Formation (approx. 600-650 Ma) overlies Precambrian rocks and comprises a thick and relatively extensive sedimentary sequence of fine to very fine arkosic sandstones alternating with arkosic silts rich in quartz, feldspar and heavy minerals, such as iron oxides, tourmaline, zircon, epidote and garnet (Signorelli et al. 2003; Chiavegatto 1992; Costa et al. 2011) . Such sedimentary features suggest a typical shallow continental shelf environment, characterized by cyclic depositional events and no significant deformation, attesting to the relative tectonic stability of this region (Campos and Dardenne 1994; Bizzi et al. 2003; Trindade 2010 ).
Water infiltration and circulation close to the Três Marias dam occurs mainly through fractures and faults in the horizontal or sub-horizontal weathered sandstone and silt layers of the Três Marias Formation (Oliveira 2007) . These aquifers are rather vulnerable to contamination, due to the absence of any Cretaceous, Tertiary or Quaternary sedimentary cover. The situation is further aggravated by the tropical rainy climate of this region, characterized by average annual temperatures of ~ 24 °C, high humidity (50-80%) throughout the year, and average annual precipitation of ~ 1000 to 1500 mm, concentrated in the summer months (Carvalho et al. 2005; Marinho et al. 2006; Oliveira and Horn 2006; Oliveira 2007; Silva et al. 2009; Amaral 2013) .
Results

Geochemical background
Given their fundamental role in evaluating soil and sediment contamination, chemical parameters such as pH, Eh, heavy metal contents and sulphate contents (Table 2) constitute an essential basis for the discussion and interpretation of the mineralogical data.
Whereas the redox potential (Eh) does not vary significantly in the studied areas and is typical of tropical climates, the soils from the areas under the influence of the industrial plant systematically show higher pH values relative to the background area (A0), where soils are acid or weakly acid (Table 2 ).
In the dry period, the pH of sediments is essentially neutral, or near-neutral, though acidic pH values occur in a few points from all areas (pH = 5.1 in areas A0 and A1; pH = 5.9 in areas A3 and A5). Similar results were observed for the same period in the alluvia, with the lowest values (pH < 5.0) in areas A1 and A3, and the highest values, mildly alkaline, in areas A1, A3 and A5. After the rainy season, pH remains approximately unchanged in sediments, whereas alluvia become more acidic, possibly because rain promotes greater leaching of sulphates, which are often responsible for higher alkalinity in alluvial plains. Eh values for sediments and alluvia indicate an oxidizing environment, in both sampling periods. A slight Eh decrease after the rainy season occurs only in the sediments accumulated on the creek bed and banks, due to their higher moisture contents.
The bulk geochemical data presented in Table 2 , and obtained in the dry and rainy seasons, have enabled delimitation of areas with significant metal contamination in both sediments and soils. Sample classification according to their degree of contamination was based on the guideline values established by the Minas Gerais State laws for the quality of dredged sediments (CONAMA No. 454 2012) and soils (DN COPAM/ CERH 02/2010 supplemented by DN COPAM 166/2011) .
In most of the contaminated areas, soils, sediments and alluvia show concentrations of Zn, Cd, Pb, Cu and, in some sectors, As exceeding critical levels (Table 2) . Zinc is by far the most important contaminant, exhibiting much higher concentrations than the legislated limits, occasionally reaching tens of kilograms per tonne in soils and sedimentary materials. Cadmium, although a vestigial element in most geological materials and substantially lower than zinc, is another very harmful contaminant here, sometimes reaching values 50 times higher than those permitted by law.
Metal contamination is rather heterogeneous in the study areas and often exhibit irregular distribution patterns (Table 2 ; Fig. 3 ). Sediments and alluvia in the vicinity of the industrial plant, namely along the Consciência Creek (area A1) and its extensive alluvial plain (area A2), show the highest concentrations in As, Cd, Cu, Pb and Zn, often above the critical values established by law. In area A1, toxic metal contents are particularly worrying in the sediments on the Consciência banks that are emerged during long periods of the year, as well as in sediments deposited in three sectors of on the creek bed: (1) on its estuary, at the entrance to the São Francisco river; (2) along the meandering zone, at 200-400 m from the outflow of leached material exiting the plant; and (3) at the mouth of the Grota Seca tributary. Even the samples from deeper layers in area A1 (down to depths of ± 1 m) exhibit high contents of toxic metals, though the extent of contamination in depth depends on the specific metal, and on the sediment texture and location. High toxic metal levels are also found on the right bank of the stream, opposite the industrial plant. In area A2, the (Table 2) . RQV recommended value, CV critical value, PV prevention value, Agricultural IV intervention value for agricultural areas; Industrial IV intervention value for industrial areas vast alluvial plain of the Consciência stream, toxic metal contents are sometimes 30 times higher than the critical values (Table 2) . Arsenic shows a heterogeneous behaviour in both areas, with very low contents in a few samples and critical contents in others, as is the case in the deepest layers of the stream bed, in area A1, and in the upper alluvium layers in area A2. Areas A1 and A2 also exhibit the highest contents in Ni, although this element rarely reaches critical levels. Along the Grota Seca watercourse and its alluvial plain (area A3), which directly receive the outflow material from the industrial plant, especially in the rainfall periods, sampled materials show high Zn and Cd concentrations, Pb is above critical levels and As shows the highest contents of the entire study area.
Areas A4 and A5, which correspond, respectively, to a degraded landfill and old waste disposal sites, reflect the chemical nature of the rejected mine-tailings: Zn and Cd reach critical levels, and, in a few samples, so do Pb, As and Cu. Given the heterogeneity of the materials once deposited in these two areas, the vertical distribution of the contaminant elements is quite variable, though Zn and Cd tend to show more homogeneous horizontal and vertical distribution patterns in area A5 than are observed in area A4.
Sulphates are also important contaminants, produced during chemical oxidation of the zinc sulphide ore (sphalerite) used in the industrial plant to obtain zinc alloy (Table 2) . Sulphates are heterogeneously distributed in the soils of all areas considered, though their concentration is much higher in the areas under the influence of the industrial plant than in the background area (A0). The highest sulphate contents occur along the water course running from the industrial unit, particularly in the alluvial plain A2, during the dry season. Sulphate distribution in depth is also very irregular and correlates with topography, soil moisture and the seasonal period. Soils from areas A1 and A4 have the highest sulphate levels. Sulphates in the sedimentary materials of area A1 are most abundant in the surface sediments on the left bank of the Consciência Creek and near the plant, though sediments on the right bank of the watercourse also exhibit significant sulphate concentrations. Toxic metal distribution also depends on the grain size of the studied materials (Fonseca et al. 2015a ): elements exhibiting most critical contents, such as Zn, Cd, As, Mn and Pb, which usually occur either in soluble form or as exchange cations on the surface of clay minerals, present higher concentrations in the finer, clayey fraction (< 2 μm ; Fig. 4) ; on the other hand, Cr, Fe, Co, Cu and Ni show higher concentrations in the sand-grained fraction, as they are preferentially associated with sulphides and Mn or Fe oxides, which occur as discrete sand-sized grains or coating the surface of quartz or other sand-sized mineral grains.
Mineralogical features of the soils, sediments and alluvia
Mineral characterization in soil, sediment and alluvium samples collected from the areas under the influence of the industrial plant activities (A1-A5), at different depths, included identification of primary and secondary metalbearing mineral phases, as well as the main clay minerals and Fe-Al oxide phases. This mineralogical study was twofold, combining petrography and EMP identification of the sand-grained fraction (> 62 µm) and XRD identification of the finest-grained fraction (< 62 µm) of the studied materials.
Mineralogy of the sand-grained fraction
Keeping in mind the purpose of identifying possible contaminating metal-bearing mineral phases, a set of 15 Zn-and Fe-rich sediments, soils and alluvia samples (0.07-15.19% Zn, 0.25-15.31% Fe; Table 3 ) from the five contaminated areas (A1-A5) were selected for the petrographic and mineralogical study of the sand-grained materials (> 62 μm). Detailed petrographic description of the samples from each studied area is given in "Appendix".
Quartz and Fe oxides (magnetite, often oxidized to haematite or goethite; Table 6 ; Fig. 5a, b) are essential components of the studied samples. Feldspars (microcline and Naplagioclase) and micas (muscovite and partly chloritized Fe-biotite; Table 4) occur in much smaller proportions, and carbonates, zircon, apatite, monazite, rutile and sulphides occur only occasionally. Ca sulphates, both gypsum and anhydrite (Table 4 ; Fig. 5c, d ), were found only in the shallow alluvial material CA2-10 (0-20 cm depth) collected in area A2.
The following minerals were identified as potential contaminants: willemite, sphalerite, Zn oxides, jarosite, Pbsulphides and Cu-sulphides (Table 5) .
Willemite (ZnSiO 4 ; Tables 4, 5; Fig. 5e, f) is one of the Zn ores used in the local industrial plant, and an ubiquitous phase in the studied sediments, soils and alluvia, being particularly abundant in the samples from area A5; its content, however, is somewhat lower in the sample from area A4. This mineral frequently contains inclusions of galena (Pb-sulphide).
Some Cd-rich sphalerite (Table 5 ; Fig. 5j ) was found in a few surface sediments (sample CA1-51) from area A1.
Minute Zn oxide inclusions (Table 5 ; Fig. 5i ) in several minerals were identified in sample CA2-10, from area A2.
Jarosite (Fe-K-sulphate; Tables 4, 5) is found in area A4, forming clasts of microgranular material enveloping the original alluvia-and sediment-forming minerals (quartz and Fe oxides); this sulphate has been observed only in one sample from area A4, suggesting its occurrence may be geographically restricted.
Occasional inclusions of Pb sulphates, associated with ferruginous material, occur in certain layers of alluvial sample CA2-10, from area A2.
Rare grains of Cu and Cu ± Zn sulphides also occur in several layers of sample CA2-10 (area A2) and in sample CA5-42 (area A5).
Mineralogy of the fine-grained fraction
Mineral data obtained through the XRD study of the finer fractions (< 2 and 2-62 μm) of the sampled materials are summarized in Table 6 .
The clays and associated minerals identified by XRD in the finer-grained fraction (< 2μm) of the selected sediments, alluvia and soils show a rather homogeneous distribution in the areas under study, and reflect the mineralogy of the regional detrital sediments of the Três Marias Formation (clay and mica silts with calcareous matrix, ferruginous clays, arkoses and recrystallized limestones) and associated soils, both indicating considerable mineralogical weathering, typical of tropical dry climates.
In all studied areas, clay mineralogy is dominated by highly crystalline Fe 3+ -illite (very common in lateritic soils) and kaolinite, in variable relative proportions. Illite XRD patterns sometimes display a slight asymmetry, reflecting interstratification with other clay minerals and release of K + interlayer cations. The position and slightly open shape of the main illite XRD peak are evidence of interstratification with chlorite. The presence of this mixed-layer illitechlorite material is particularly evident in soils of area A5. Weathered chlorite is low to vestigial, occurring only in a few sediments and alluvia from the Consciência Creek bed, in area A1 and in the soils of area A5. Smectites were only identified in vestigial amounts in alluvia from area A1.
Among the minerals associated with these clays, quartz is the most abundant, followed by much lower amounts of poorly crystalline goethite (rarely haematite) and gibbsite, the last two minerals usually more abundant in the finer fraction of immersed sediments than in alluvia or soils, though their contents are significant in some soils from area A5. Quartz being the main constituent of the local Table 4 Representative EMP analysis of several minerals identified in the coarser-grained fraction of the sediments, soils and alluvia from the Consciência Creek area Mineral sample detrital rocks and highly resistant chemically, it eventually reaches clay dimensions during weathering processes, thus explaining its great abundance in the clay fraction of these samples. K and Na feldspars inherited from the host rocks (arkoses and silts) occur only in low concentrations. Relatively well-crystallized secondary gypsum, indirectly produced by oxidation of the sulphide ores, has been found in most areas, particularly in the alluvia from area A2.
In the other areas, this mineral has a scattered distribution, which is common for secondary minerals formed by chemical precipitation under high evaporation conditions. Willemite has been identified locally in this finer fraction, though its contents are only significant in a single sediment sample from area A1, and vestigial in some alluvial samples from the areas A2, A3 and A5. This is the only component of the finer fraction of the studied materials which results exclusively from the plant industrial activities, as it is used as raw material for Zn extraction.
Primary heavy-metal-bearing oxides and sulphides were identified in the silt and clay fraction of sediments, and in the silt, clay and fine-sand fraction of soils.
XRD study of the silt and fine-sand components (2-62μm) shows a predominance of minerals inherited from the detrital host rocks, with quartz clearly dominant, followed by illite and/or muscovite, and minor amounts of feldspars. Illite, resulting from weathering of muscovite, is present in all the studied materials, though in quite variable proportions, showing particularly high contents in the area A2 alluvia. In most samples, feldspars occur in low concentration and were identified on the basis of the petrographic observation and EMP analysis. Area A2, which is an extensive alluvial plain with thick series of mixed and heterogeneous sedimentary and landfill materials, contains the highest contents of Fe-oxyhydroxides (either haematite or goethite), kaolinite and gibbsite, though these minerals are usually also present in the other studied areas.
This fraction of the studied materials also contains minor amounts of mineral phases which were not inherited from the regional host rocks, but were produced by the plant metallurgical activities, namely sphalerite, in the soils from area A5 and in deeper layers of the sediments from the creek bed, and willemite, which occurs in variable proportions, being more abundant in area A2. Two other mineral phases indirectly produced by ore metallurgy are gypsum (particularly abundant in the alluvia from areas A2 and A3, in the sediments from area A1 and in the contaminated soils from area A4) and jarosite, usually present in vestigial amounts.
Comparison of the minerals identified by X-ray diffractometry in these two granulometric fractions (< 2 and 2-62 μm) shows that: (1) goethite is the only Fe-mineral in the finer-grained fractions; (2) haematite and jarosite occur mostly as coarser grains, the same being true for the ore minerals used in the plant, sphalerite and willemite; and (3) gypsum distribution is disseminated and transitory, the mineral being easily dissolved during the heavier rains and precipitating elsewhere by evaporation sometime later.
Discussion
Geochemical behaviour of potentially toxic metals
Several studies carried out on the São Francisco River in the last decade, near the town of Três Marias (Tundisi 2005; Mozeto et al. 2007; Almeida 2010; Ribeiro 2010; Trindade 2010) reported high concentration of Zn, Cd, Cu, Pb and Cr in the marginal sediments, directly related to the operation of this major Zn-treatment plant. The river waters, however, exhibit low concentrations of these heavy metals, probably due to the high flow, dilution and oxygenation rates of the river.
The high metal contents found along the Consciência Creek and its floodplain reflect the chemical nature of the old waste deposits, placed in inappropriate locations, without suitable treatment or storage.
Physical and chemical parameters such as pH and Eh are the factors that most affect the solubility, mobility and precipitation of potentially toxic metals in the sedimentary materials and soils (Kabata-Pendias 2001; Siegel 2002) , thus determining the chemical forms in which those metals occur and their geochemical behaviour in a given environment. High pH values enhance adsorption and precipitation of most metals as oxides, hydroxides and carbonates (McBride 1994) , whereas solubility of metals which occur as hydrated free cations (Fe, Cu, Zn, Pb, Cd, Ni, Mn) usually increases with decreasing pH.
The Consciência Creek, like other tributaries of the São Francisco River, is characterized by very high evaporation rates and limited hydrodynamics (low draining rates), favourable to reducing conditions, which often lead to sulphide precipitation and to metal concentration in the host sediments. Nevertheless, due either to metallurgical processing in the plant or to natural mechanisms in the soils, alluvial plains and waterways, oxidizing conditions may sometimes prevail, and then fine particles of primary sulphides, such as sphalerite (one of the main Zn-ore material in this metallurgical plant), chalcopyrite and pyrite, may be quickly decomposed, releasing metals and H + ions, which will further acidify those environments. In these circumstances, survival of primary sulphides in the Consciência Creek sediments or in its floodplain is rather unlikely. Metals released during oxidation may be adsorbed by fine-grained materials, such as Fe and Mn oxides and hydroxides, clay minerals and even organic matter (Blowes et al. 2000 , Siegel 2002 , so that metal mobility and/or retention are strongly controlled by the presence of such materials. Preferential adsorption of As on Fe oxides, of Pb on Mn oxides, and of Zn, Cd and Cu on clay minerals is common. Depending on the pH or redox changes in the aqueous environment which may enhance metal mobility, and therefore metal bioavailability (Siegel 2002) , sediments can either act as metal traps or as metal sources. Thus, any changes in the water or sediment composition may have serious environmental consequences and the main problem lies in the possibility of these geochemical anomalies eventually reaching the San Francisco River, given the high mobility of these metallic elements.
The pH values observed in the areas under the influence of the plant activities, mostly higher than those reported for this type of soil in tropical climates, may result from accumulation of Ca sulphates, as indicated by the mineralogical study. The pH fluctuations reported here reflect both the variable composition of landfill materials (particularly evident in soils and alluvia) and the local occurrence of complex chemical processes. The most significant of these processes are: (1) release of H + or Al 3+ cations from soil and sediments whenever high metal concentrations result from competition of metal cations in the exchange sites of colloidal particles, leading to a pH decrease and (2) reduction in metal oxides, mainly iron oxides, with production and release of OH − , and consequent pH increase. Metal contents in the sediments of the Consciência Creek bed (area A1) are quite uneven (Fonseca et al. 2015a) , suggesting the existence of preferred accumulation sites, probably related to the proximity to the metallurgical plant, the creek bed morphology (which contains several boulders), the watercourse meanders with preferential margins of accumulation and erosion, the direction of surface runoff, inner currents and groundwater flows that carry contaminants and tailings from the industrial area. Sedimentation in sectors where metals reach critical levels usually corresponds to fine-grained particles (mainly silts and clays), which enhance metal retention by adsorption. Sediments from the stream bed and surrounding alluvial deposits indicate similar metal contamination values and exhibit no distinctive chemical pattern. High metal contents were also found in various points on the northern bank of the stream, opposite the plant and closest to the São Francisco River, suggesting an important metal circulation in highly mobile forms, carried by the interstitial waters that percolate the alluvial surface, and then carried across the stream bed to the opposite bank. This circulation, by advection and molecular diffusion mechanisms (Fonseca et al. 2015a (Fonseca et al. , b, 2016 , justifies the increase in metal contents in depth, during the rainy season. The high metal levels on the right bank can also be due to metal deposition in soluble or particulate forms transported by the stream during the flood season.
In the sediments of the alluvial plains (areas A2 and A3) and in those deposited on the creek margins, mostly above water level throughout the year, metal distribution in depth is seasonal, with preferred accumulation on the surface during the dry period, and on deeper layers after the rainy season. This pattern may be due to an increase in the stream flow, with consequent increase in interstitial water circulating through the sediments, dragging the most soluble metal complexes towards the deeper layers.
In areas A1, A2 and A3, variation of metal abundance with sediment depth suggests that metals are not transported in particulate form by surface runoff, but rather as variably soluble salts in surficial pore water and groundwater. This is supported by data on the mobility of metals in these sedimentary materials and soils, obtained by quantitative analysis of the soluble contents of metals in pore water and by selective and sequential extraction processes which permit determination of the mineral and organic components to which different metals are associated (Fonseca et al. 2015a (Fonseca et al. , b, 2016 . According to these studies, concentrations of Zn, Cd, Mn, Ni, Pb and As in pore water are very high, often above the legislated values for groundwater. Seasonal variations in the soluble contents of these elements were also detected: metal contents tend to increase in depth during the rainy season, and to increase in the topmost layers during the dry season. Sequential extraction analyses revealed that the main elements in the ores processed in the metallurgical unit, and concentrated in these sedimentary materials above critical levels, do not usually occur in resistant crystalline structures, but rather in soluble form, as exchange cations or associated with Mn oxides. In these highly mobile forms, toxic metals are most likely to be removed by weathering and by chemical changes in the environment, therefore increasing the risk of metal contamination of soils and water above acceptable levels.
These waters thus exhibit high salt contents, and pH and Eh values which promote metal mobility, so that most metals are likely to circulate in soluble forms throughout the thickness of the deposited material, being immobilized in the upper layers when evaporation occurs, and concentrating in the deeper layers when pore water increases. The mobility of these elements within the topmost alluvial layers is also affected by oxidation, when the water level decreases.
Metal distribution profiles in soils are rather heterogeneous, especially in areas A4 and A5, which correspond to the degraded landfill and to old waste disposal sites, respectively. However, the highest contents are observed close to the surface, probably due to the proximity of the old waste deposits and to the limited rainwater infiltration on the sloping stream banks. Most metal distribution patterns remain practically unchanged with depth throughout the year, suggesting these elements are mostly transported in particulate form. During the rainy season, runoff processes predominate and the easily mobile fractions should be dissolved and preferentially deposited in the alluvial plains and in the sediments accumulated on the banks, particularly in area A5. These sediments, located on lower topographical levels and characterized by finer and more uniform textures than soils, show high Zn and Cd contents, regularly distributed in depth. Given their mixed provenance, soils in area A5 show little pedological or geochemical coherence, producing quite random metal distribution profiles, with metal contents either below or above critical levels.
Mineralogical indicators of environmental conditions
Whereas most clay minerals in the studied samples exhibit good crystallinity, the associated Fe and Al oxides (usually goethite and gibbsite) are poorly crystallized, often showing signs of partial or total dissolution, thus indicating rather reducing conditions in the deeper layers of the alluvia and sediments of the Consciência Creek bed.
Clay minerals and other very fine-grained minerals often present significant negative surface charge, which makes them, as happens with organic compounds, ideal materials for retaining metal cations (Siegel 2002; Sposito 2016) . Metals can thus be adsorbed to or complexed into those mineral surfaces, but nevertheless kept in close contact with the surrounding aqueous environment. If minerals have a high capacity to retain such cations, these may become temporarily unavailable for exchange, unless the mineral phase is either dissolved or destroyed. Although adsorbing materials are predominantly fine-grained (silts and clays), minerals in the finest fraction have intermediate to low capacity for ion retention and exchange, so that little metal immobilization will occur at the surface of these materials (Sposito 2016) . Among the phyllosilicates identified in the studied sediments, soils and alluvia, illite and interstratified illitechlorite are the most capable of retaining the metals by surface adsorption, so that their presence implies relative metal immobilization. Whenever clay minerals with lesser capacity for metal retention, such as kaolinite, are mixed with Fe-hydroxides, their capacity for retaining metals may increase, and metals may also be immobilized by precipitating with those hydroxides (Dzombek and Morel 1990; Brown et al. 1999) .
In the presence of minerals which provide poor metal retention by adsorption, only a small proportion of the metals leached from the plant activities are immobilized, as most of these metals will occur as labile forms easily released into the aqueous phase. On the contrary, the clayrich soils of area A5 contain a considerable proportion of interstratified illite-chlorite, which has a high capacity for metal retention, suggesting favourable conditions for metal immobilization in that area.
The absence of smectite in most of the studied materials (Table 6) is not surprising, as it usually forms under moderate weathering rates, typical of temperate climates.
Toxic metal distribution in the sand-grained and clayey fractions considered in the mineralogical study, and described above, is in close agreement with metal fractionation data obtained by sequential extraction methods (Fonseca et al. 2015a (Fonseca et al. , b, 2016 , showing preferential concentration of the elements exhibiting most critical contents (Zn, Cd, As, Mn and Pb) in the finer-grained fraction (Fig. 4) .
Contaminant minerals
The petrographic and mineralogical study of the coarsergrained fraction of the 15 samples of sediments and alluvia selected from the five study areas (A1-A5) point to willemite as the main contaminant mineral, its modal proportions (Table 5 ) being usually in agreement with determined bulkrock Zn contents (Table 3) . Because willemite is a chemically resistant silicate, it is found in all sampled areas, in low or even moderate concentrations (as is the case in area A2). In the finer-grained fractions of most samples, willemite is also found in variable amounts (Table 6 ). This Zn ore is a residual phase from the plant extractive operation, but, despite its being foreign to the local sediment and alluvia, it may not constitute a contamination hazard in itself, as Zn is trapped in a fairly stable silicate structure.
Sulphur, on the other hand, does constitute a potential hazard for the environment surrounding the industrial plant. Indeed, in this area, several factors concur to promote the precipitation of secondary sulphides, namely: (1) the simultaneous presence of high sulphate and soluble metal contents, (2) the local hydrologic budget, characterized by much higher evaporation rates than pluvial rates, (3) limited hydrodynamics and shallow watercourse, and (4) the presence of fine-sediment alluvial plains, with very constant humidity levels at depth. However, irrespective of their primary or secondary character, sulphides are quickly decomposed in aqueous media and oxidizing conditions, releasing heavy metals and producing H + ions, responsible for the acidification of the aqueous environment associated with the Consciência Creek and its floodplain. Consequent pH decrease also promotes solubilization of metals taken up in other mineral phases, such as Fe oxides and hydroxides. It seems likely that such oxidation mechanisms have taken place in the sediments and soils bordering the Consciência Creek, thus explaining the absence, or at least scarcity, of sulphide phases in the creek margins, especially in the areas closer to its mouth, where the water column and hydraulic energy are highest. On the contrary, they are found in the deeper layers of the sedimentary materials, where reducing conditions prevail.
Acidification produced when these oxidation mechanisms affect sulphide-bearing soils or sediments can cause very adverse environmental, ecological, health and economic effects, as it leads to a deficiency in essential plant nutrients and elements such as Ca, Mg and K, while increasing the solubility of potentially toxic metals, such as Al, Fe, Mn and other heavy metals (Rickard 1972) . The net effects are a weakening of plant resistance and productivity, and a progressive degradation of waterway habitats, as the environment becomes more acidic, with serious consequences for human health (Rickard 1972) . Acidification derived from these mechanisms may, however, be partly buffered by the high contents of Ca sulphates identified in all areas. Waterlogged sulphide-containing soils are relatively safe, as long as air is excluded from contact with the sulphide (Rickard 1972 (Rickard , 2015 . But, as soon as the soil is raised above the water table, sulphides are exposed to air and their oxidation starts the acidification process: in soils where pyrite is abundant, Fe oxides and Fe-hydroxides precipitate then, often in association with Fe-sulphates such as jarosite (Rickard 2015) , as has been found in some soils sampled in area A4.
Other mineral contaminants are relatively minor in the studied areas: occasional Zn sulphides, Zn oxides and Znbearing minerals (some Cu sulphates) have been detected by EDS, usually as very small inclusions in other minerals ( Fig. 5h-l) ; Zn detected in some phyllosilicates from these sediments and alluvia probably corresponds to minute amounts of Zn metal adsorbed to the surface of those minerals.
The frequent inclusions of galena (Pb-sulphide) in willemite are worthy of note as they may constitute a further environmental handicap, under oxidizing conditions (e.g. Sposito 2016), as referred above.
The release, by runoff and infiltration mechanisms, of sulphates produced by chemical oxidation of the sulphide ores processed in the plant results in gypsum precipitation. The relatively simple and fast crystallization of gypsum is responsible for its greater abundance in the sedimentary materials, particularly in the deposits of alluvial areas A2 and A3 and in the sediments of area A1. The sulphate ion is very mobile, therefore moving easily within the deposited materials, and precipitating by evaporation (Rickard 2015; Sposito 2016) . For this reason, gypsum distribution is disperse and transient. In the periods of high rainfall, it easily dissolves and migrates in soluble forms, precipitating elsewhere.
Extent of mineralogical contamination (in depth and area)
Considering the proportions of willemite found in the sediments and alluvia of the five working areas, area A5 seems to be the most contaminated in Zn, whereas areas A1, A2 and A3 exhibit more moderate contamination levels. As referred above, it is only in the waste-rich soils of areas A4 and A5, located closer to the plant activities and characterized by sloping banks which greatly prevent water infiltration, that metals preferentially concentrate at the surface, keeping their distribution pattern invariable throughout the year, thus suggesting that these metals are mainly transported in particulate forms. Zinc values above the critical limits mostly occur as residual willemite, in area A5. Assuming that sample CA4-41A is representative, then area A4 would seem to be practically free from Zn contamination, while being the only area showing anomalously high contents of Fe-K-sulphate (jarosite).
In the sediments and alluvia from the other areas (A1-A3), although petrographic observations seem to indicate a decrease in contaminating materials with depth (willemite in particular), namely in the CA2-10 and CA2-12 profiles for coarser materials, such trend is not found when comparing total Zn contents in samples collected at different depths within the same profile, as can be surmised from Fig. 6 . In fact, in these areas, the sedimentary materials show the most worrying concentrations, regularly increasing with depth and often exceeding critical levels for Zn, Cd, Pb, Cu (and As, in some sectors). In these materials, only a small proportion of Zn or any other contaminant metal occurs in metal-bearing minerals. For the most part, metals probably occur as labile forms circulating throughout the alluvial surface and stream bed, by advection and molecular diffusion mechanisms. In these saturated and sub-saturated materials, pH-Eh conditions tend to enhance metal mobility, and contaminant metals mainly occur as adsorbed cations onto the clay particles of the fine-grained materials, or as soluble species in the pore-and groundwaters (e.g. Brown et al. 1999; Siegel 2002; Sposito 2016) Thus, it seems that mineralogical contamination, due to toxic metal transport in particulate form by surface runoff, may be responsible for a significant fraction of contamination levels only in the soils closer to the plant.
Conclusions
Some relevant conclusions can be inferred from the present mineralogical study and supporting geochemical data:
• Sedimentary materials deposited in the Consciência Creek and on its alluvial plain may behave as heavy metal traps, when conditions are favourable for these metals to be adsorbed to the surface of those fine-grained materials or to be precipitated or co-precipitated in oxides or sulphides; the fact that metals can be easily retained on the surface of strongly adsorbent clay minerals, such as illite and interstratified illite-chlorite identified in the Consciência Creek sediments, makes these phyllosilicates play a very important role in bringing down metal contents in the aqueous medium, and therefore also in reducing their threat to the environment. • The same sedimentary materials, however, can also behave as metal sources, whenever physical, chemical or biological changes in their environment cause considerable amounts of metals to be released to the enveloping aqueous medium. This happens, for instance, when water saturation occurs at the adsorption sites, and H + ions, until then retained in those metal complexes, are released and cause a pH decrease in the aqueous environment, with consequent increase in metal solubility.
• Climate and environmental factors are therefore paramount in controlling the mechanisms referred above and, consequently, in the availability of metals in the aqueous environment.
• In the areas surrounding the Consciência Creek, the main mineralogical residues from the Zn-extraction operation are willemite and lesser amounts of sulphides; in spite of its abundance in most of the studied sediments, soils and alluvia, willemite, being a silicate, may not constitute a major environmental hazard. Sulphides constitute a more significant risk, especially under oxidizing conditions, as they strongly contribute to soil acidification and eventual degradation of the local ecological system, simultaneously releasing heavy metals to the surrounding aqueous environment. Sulphates, such as gypsum-anhydrite (Ca sulphate) and jarosite (Fe-K sulphate), seem to be confined to specific areas and, given their composition, are not potential hazards to this environment.
• In sediments and alluvia, only a small proportion of the potentially contaminant metals will occur in these metal-bearing minerals. In the soils closer to the plant, especially those located in sloping banks, metals are mainly transported in particulate forms by surface runoff or adsorbed on minerals such as Fe and Mn oxides and hydroxides.
• The greatest risks associated with the presence of these metals in the areas under the influence of these specific industrial activities are related to the more labile phases that circulate by advection and molecular diffusion mechanisms throughout the alluvial plains, the exposed sediments and stream bed, often reaching the opposite bank of the Consciência Creek. The mobility of these metal forms is enhanced by the low pH values (often below 6) and by the reducing conditions in the lower layers of sediments and alluvia. Metals form a contamination plume transported by pore-and groundwaters, which fluctuates along the year. This fluctuation is expressed by the heterogeneous distribution of metals in depth, showing preferential accumulation at the surface during the dry period and in the deeper layers after the rainy season.
• Vertical changes in metal contents depend on the specific location and local topography, on the physical and chemical characteristics of the sedimentary material, on the geochemical behaviour of the element and on the seasonal cycles: the pattern of higher metal contents in most surface sediments, more frequent during the dry season, tends to be reversed after the rainy season, when higher metal contents are found in deeper sediment layers.
• Considering the interest of the company in eliminating the sources of contaminants leached into the Consciên-cia Creek and the São Francisco River, the present mineralogical study and supporting geochemical data have yielded fundamental information on the environmental conditions of the area under the influence of the plant and confirm that the alluvial deposits and sediments on the margins and stream bed of the Consciência Creek are contaminated and require immediate and considerable intervention.
Besides contributing to the monitoring of contamination effects, the present study may constitute a helpful basis to establish of general remediation and recovery measures for this industrial area, in order to decrease medium-and long-term hazardous impacts on the local and downstream environments. Given the high mobility of the critical metals, the remediation strategy for the Consciência creek and associated alluvial deposits should include in situ decontamination methods, necessarily time-consuming, implying several years of treatment. The measures that should be adopted, detailed in Fonseca et al. (2015a, b) , may include: (1) reduction and treatment of mineral residues and tailings scattered on the soils surrounding the plant, and containing sulphate and metal concentrations above the legislated values (areas A4 and A5); (2) stripping and removal of contaminated topsoil and setting up drainage layers to reforest the area (areas A2, A4 and A5); (3) minimizing or deflecting the rainwater drainage in the area surrounding the plant, to prevent contamination of the stream and alluvial plain by runoff water; (4) margin stabilization and stream-channel sealing, to prevent inflow of contaminated groundwater and isolate contaminated material from the stream (area A1); and (5) immobilization and reduction in labile metal forms in the contamination plume affecting the groundwater and the floodplain and stream-bed sediments, by building a reactive barrier, employing granular zero-valent iron (ZVI) or apatite.
Appendix: Petrographic characterization (coarse-grained fraction)
Area A1
Surface to 100-cm-deep sediment cores collected in area A1 (Table 1 ) mostly contain mineral phases resulting from mechanical and chemical weathering of local host rocks, namely abundant, relatively well-rounded medium-to finegrained quartz, a few anhedral K-feldspar (more rarely albite) grains, and, in samples CA1-14 and CA1-51, fine-grained muscovite and partly chloritized biotite aggregates (Fig. 5a ). These phyllosilicates sometimes include zircon, ilmenite (often with magnetite exsolution), rutile, or even Cd-rich sphalerite grains, as in sample CA1-51. Clay or sericitic material may also be present enveloping quartz grains, sometimes including barite, as in sample CA1-14 (Fig. 5b) .
Besides the pervasive presence of fine-grained Fe oxides (~ 5 modal%, mostly magnetite, occasionally oxidized to haematite; Tables 4, 5), most of the samples in area A1 also contain irregular, rounded polymineralic clasts consisting of a microgranular mixture of quartz, Fe-hydroxides (Table 5) , partly chloritized Fe-mica and feldspar. In some of these clasts, apatite, zircon and rutile grains were also identified.
In sample CA1-51, an elongated polycrystalline clast of kaolinite was also identified (Table 4) .
Microprobe-EDS was useful to identify apatite inclusions in some feldspars (sample CA1-26), chromite inclusions in a few quartz grains (sample CA1-29), and occasional inherited staurolite grains (sample CA1-29).
A few subhedral grains of dolomite and rounded polycrystalline carbonate clasts were found in samples CA1-26 and CA1-29.
Area A2
Two cores in the alluvia from area A2 provided several samples at different depths, some of which were selected for their significant Zn and Fe contents (Table 3) .
Core CA2-10 mostly contains mineral phases inherited from the host rocks, after intensive weathering, and contains abundant, well-rounded quartz, accompanied by clasts of ferruginous material (usually fine-grained mixtures of Fe oxides or hydroxides, quartz and partly chloritized mica), with minor amounts of polycrystalline clasts of quartz + K-feldspar + mica ± ilmenite, apatite, chlorite, rutile, calcite, magnetite/haematite. Isolated grains of haematite and/or partially oxidized magnetite ± ilmenite also occur. Polycrystalline calcite clasts appear in the sample taken at depths of 20-40 cm, whereas in the surface sample of this core there are abundant crystals of Ca sulphate (gypsum and anhydrite; Table 4 ).
Most samples within core CA2-12 (covering depths from 20 to 100 cm) exhibit high Zn contents (Table 3) and were selected for this study. Quartz, very fine-grained, is abundant only in the most superficial levels (20-40 cm), often accompanied by some micaceous material. In the deeper levels of the sampled alluvia (40-100 cm), fine-to coarse-grained Fe-hydroxides predominate (50-90 modal%), usually goethite ± haematite ± relic magnetite (± very fine-grained quartz, micas, oxidized galena and pyrite, Cu sulphates, Mn-Pb-K-Ba-bearing oxides, monazite, willemite and sphalerite). The proportion of ferruginous materials seems to increase with depth.
Area A3
Sample CA3-18, collected at a depth of 20-40 cm, is an alluvial heterometric sediment (sand-silt-clay), mostly made of mineral phases resultant from weathering of local rocks: abundant fine-to medium-grained quartz, some K-feldspar (microcline) and albite, and clasts (~ 5 to 10 modal%) made of fine-grained mixture of muscovite, partly chloritized biotite and ferruginous material (Fe-hydroxides and residual Fe oxides, ± ilmenite ± zircon ± barite). Some willemite has also been identified in a few of these clasts.
Area A4
Sample CA4-41A (0-20 cm level) consists of minerals resulting from the weathering of local rocks, namely very abundant fine-grained quartz, muscovite and partly chloritized biotite, as well as of abundant heterometric clasts of K-Fe sulphate (jarosite, Table 4), sometimes containing quartz, magnetite ± zircon micro-inclusions. Rounded heterometric clasts of haematite and Fe-hydroxides are not very abundant, often showing micro-inclusions of quartz, muscovite, partly chloritized biotite, and some residual phases (Ti-magnetite, ilmenite, chromite, rutile and zircon).
Area A5
Two surface samples (0-10 cm deep) were collected in area A5.
Sample CA5-3 is mainly made up of fine-to mediumgrained Fe oxides (70-80%), mostly magnetite, and willemite clasts (20-25%); a few quartz grains and a few small clasts of ferruginous material (Fe-hydroxides), often with quartz ± mica inclusions, and occasional monazite grains make up the rest of this sample.
Sample CA5-42 (0-10 cm deep) is almost exclusively made of willemite polycrystalline clasts, with only accessory amounts of Fe oxides, ferruginous clasts and fine-grained carbonate clasts, and rare quartz.
